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ABSTRACT

Tests were conducted in the AEDC Aerodynamic Wind Tunnel, Transonic (4T), to
determine the tunnel calibration and centerline Mach number distributions. The wall
porosity in the test section is remotely variable using a sliding cutoff plate design. The
walls were recently modified to allow upstream movement of thesc cutoff plates instead
of the original downstream movement for decreasing porosity. During the tests, Mach
number was varied from 0.10 to 1.35, test section wall angle from -0.5 to 0.5 deg, test
section wall porosity from 0- to 10-percent open area, and stagnation pressure from 1000
to 3500 psfa. Some data were obtained showing the effects of humidity. Acceptably
uniform Mach number distributions were obtained at wall porosities up to 7-percent open
area, a marked improvement over the original 4T wall design. The tunnel plenum-stream
calibration relationship was determined to be dependent upon Mach number, wall angle,
wall porosity, and humidity but nominally independent of stagnation pressure level.

This document is subject to special export controls
and each transmittal to forcign governments or foreign
nationals may be made only with prior approval of
Arnold Engineering Development Center (AETS),
Arnold Air Force Station, Tennessee 37389,
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SECTION I
INTRODUCTION

The PWT Aerodynamic Wind Tunnel, Transonic (4T), began operation in
December 1967. The initial calibration of the variable porosity wall test section was
conducted intermittently from December 1967 to February 1968 and is reported in Ref, 1.

During the initial calibration, an overexpansion at supersonic Mach numbers
occurred in the tapered porosity region. While it was possible to control the over-
expansion by modifying the tapered porosity section, the wave cancellation properties of
the walls were not up to expectations.

A study was initiated in the PWT Aerodynamic Wind Tunnel, Transonic (1T), to
establish the corrective measures necessary. The results of that study (Ref. 2) indicated
that by reversing the direction of the cutoff plate motion, very good wave cancellation
properties were obtained. Acceptable Mach number distributions were also obtained with
the scaled original 4T tapered porosity region as evidenced in Ref. 3.

The 4T test section walls were then modified to allow upstream cutoff plate
motion for decreasing porosity as opposed to the original downstream motion. The
results of the test section Mach number calibration of 4T with the modified walls are
included in this report, superseding the Ref. 1 results.

SECTION 11
APPARATUS

2.1 BASIC TUNNEL

Tunnel 4T is a closed-loop, continuous flow tunnel with a usable Mach number
range from 0.10 to approximately 1.35. It is a variable density tunnel with a stagnation
pressure range from 300 to 3700 psfa. Presently, only limited control of stagnation
temperature is possible in the range of approximately 80 to 110°F.

The test section flow is generated through a two-dimensional, fixed, sonic-block
nozzle with parallel sidewalls. Supersonic speeds are obtained by expansion through the
upstream 3 ft of the test section. The top and bottom test section walls may be con-
verged or diverged 0.5 deg.

The model support systems located in the diffuser section consist of a half-sector
sting support with an angle-of-attack range from 28 to -12 deg with the pitch center
located at station 108 and a six-degree-of-freedom store support for store separation or
small model testing. The latter is controlled by a digital computer, and a store trajectory
may be determined either by a point prediction method or by data from a preselected
grid pattern. Movable sidewalls in the diffuser region alleviate blockage of the model
support systems. Access to the model for minor changes is provided by moving one of
the diffuser sidewalls to its extreme position.



AEDC-TR-69-134

Tunnel 4T is normally powered by the second increment of the 178,000-hp PWT
Plenum Evacuation System (PES). The PES consists of two increments which may be
operated independently, thus making it possible to run 4T simultaneously with either of
the PWT 16-ft tunnels.

The location of 4T in the PWT complex is shown in Fig. 1, Appendix I, and the
general arrangement of 4T is given in Fig. 2. Additional information on 4T and the PES
is available in Ref. 4.

2.2 CALIBRATION EQUIPMENT

A centerline static pipe was used to determine Mach number distributions. The
pipe is supported at its downstream end by the half-sector model support and at its
upstream end by forward swept support struts attached to the nozzle sidewalls. An
11,000-1b tension preload was applied to the pipe with spring washers at the forward
support struts. A sketch of the pipe installation is given in Fig. 3.

2.3 TEST SECTION WALL GEOMETRY

The airside test section wall geometry is sketched in Fig. 4. The maximum wall
porosity of 10 percent is defined as the area of a hole based upon the diameter divided
by the area of the parallelogram formed by a four-hole pattern.

The variable porosity feature is obtained utilizing a sliding cutoff plate behind the
airside plate with identical geometry. The combined plate geometries of the original 4T
design and of the modified walls with upstream cutoff plate motion are sketched in Fig. 5.

SECTION IH
PROCEDURE

3.1 TEST PROCEDURE

The primary variables during the Mach number calibration were wall porosity,
wall angle, pressure ratio, and plenum suction. A series of wall statics manifolded to read
an average value provided an approximate indication of the test section Mach number.
This Mach number was set by varying plenum suction (supersonic) and/or main-stream
pressure ratio (subsonic). In subsonic flow, the pressure ratio was adjusted until uniform
distributions were obtained at the downstream end of the test section. For supersonic
Mach numbers, the pressure ratio was usually fixed at approximately A = 1.4. Throughout
most of the calibration, a wall porosity was set; and data were taken through the Mach
number range, varying wall angle at each Mach number.,

A stagnation pressure of approximately one atmosphere was maintained for the
majority of the data. Special runs of varying pressure levels were made to check the
Reynolds number effect on the results. The stagnation temperature varied from 80 to
110°F. All pressures were measured using the standard tunnel pressure system and 5-psid
self-balancing transducers referenced to plenum pressure.

2
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3.2 DATA REDUCTION

Mach number distribution data were obtained on-line using the PWT digital
computer and data acquisition system. Local Mach numbers were calculated from the
static pressure measurements and tabulated using a line printer. The data were also
displayed on a cathode ray tube plotter as a function of tunnel station. The average Mach
number and the 2-0 deviation were calculated for the values downstream of station 72.
The ratio of plenum pressure to stagnation pressure was used to calculate an equivalent
plenum Mach number.

The equivalent plenum Mach number is used as a means of setting test section
Mach number during normal testing; therefore, it was necessary to develop a relationship
between this parameter and other tunne¢l operating parameters. The parameters used are
test section wall porosity and wall angle in addition to the plenum Mach number. The
relationship developed is a hypersurface fit of the form:

M, = M, - f M, 0 + (M, 7, 6)
where,
f, M., 1) = aM; + 8,7 + aM?

- aMor + as? + aMS’

+ aMr + aMc? + a” + e Mt

- a, Mo’ + a M + apMer

- 8, + a Mt + g Mt + 2 MR

+ aM? + apMer + an 4+ ey,
and,

f, Mg, 7, 04) = b, + bMc = by + by

+ byM:? + beMor + b,M6y,

+ b + byt + b0y

+ buM® + bMr + b M 26,

+ by Mor? + bysMer8, + b,M 6,2

+ bl'lr’ - b‘;fzew + b|.76wz T+ bzne“-s
This surface fit was determined off-line.

3.3 ACCURACY OF THE RESULTS

Based on a confidence level of 95 percent, estimates of the errors in the data
resulting from instrumentation errors are as follows:

AM +0.002
AT +0.02
Afby, +0.03
AX +0.001

A (p./p,) 10.001
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This Mach number error does not include the deviation from the average along the
centerline or the inaccuracy of the surface fit which is discussed in Section 4.2.

SECTION IV
RESULTS AND DISCUSSION

4.1 CENTERLINE MACH NUMBER DISTRIBUTIONS

Comparisons of the original Tunnel 4T (Ref. 1) Mach number distributions
obtained prior to the flow expansion region modification with representative distributions
obtained with the present walls are presented in Fig. 6. For all supersonic Mach numbers
significant improvement was obtained with the upstream cutoff plate motion. Of course,
the full-open position (r = 10) is the same geometry for both cutoff motions, and no
change was noted at this porosity setting.

Mach number distributions obtained at 0-deg wall angle are presented in Fig. 7.
The tunnel pressure ratios shown in Figs. 7a through 7c are not necessarily the optimum
settings, as evidenced by slight gradients at the rear of the test section. For supersonic
Mach numbers, the tunnel pressure ratio was held nominally constantat A =1.4. Since
publication of Ref. 1, a vortex generator ring has been installed in the diffuser to prevent
flow separation. Consequently, the required tunnel pressure ratios are slightly less than
those shown in Ref. 1.

The distributions obtained with wall porosities above 7 = 7 are generally not
acceptable because of an uncontrolled overexpansion at the beginning of the the test
section. It is, therefore, recommended that the maximum porosity be limited to 7 = 7 for
normal tests.

The influence of test section wall angle on the centerline Mach number
distributions at 7 = 3 is shown in Figs. 8a through 8c. These distributions are
representative of data obtained at other wall porosities. For subsonic Mach numbers, the
required tunnel pressure ratio increases with diverging wall angle. This sensitivity of
pressure ratio to wall angle did not exist with the original wall/diffuser geometry.
However, the original walls did show an interaction between tunnel pressure ratio and
wall porosity, whereas the present wall configuration results in the required pressure ratio
being essentially independent of wall porosity. Except for local disturbances at the
beginning of the test section, wall angle variation has little effect upon the Mach number
distribution.

A useful measure of the degree of flow uniformity is obtainable utilizing the
standard deviation statistic, 2 0. The variation of this parameter with free-stream Mach
number is shown in Fig. 9. References to Mach number nonuniformity in Tunnel 4T
should be stated in the form, M; * 2 ¢. These nonuniformities are less than +0.005 from
M =0.10 to 1.05, #0.01 at M = 1.20, and £0.02 at M = 1.35.

The Mach number distributions are insensitive to tunnel stagnation pressure level,
as shown in Fig. 10. Also indicated in the figure are the corresponding equivalent plenum
Mach numbers, which show that the plenum-stream calibration relationship is
independent of stagnation pressure.

4
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Water vapor condensation was found to have a noticeable effect on both the
centerline Mach number distributions and the plenum-stream calibration, as indicated in
Fig. 11. With a relatively high humidity and visible condensation, the Mach number
distribution is a function of humidity, but the plenum-stream calibration is nominally
unaffected. At intermediate humidity levels (w = 0.0017 for this test condition), the
water vapor apparently condenses in the test section proper; and both the distribution
and the plenum-stream calibration are variable with time resulting in an unacceptable test
environment. This critical humidity level corresponds to a dew point temperature 3 to 4
deg below the dew point temperature at the onset of visible fog at p, = 2000 psfa. Below
this critical humidity level, both the distribution and the plenum-stream calibration arc
independent of humidity.

4.2 PLENUM-STREAM MACH NUMBER CALIBRATION

For perforated wall wind tunnels, it is generally accepted that the relationship
between plenum pressure and free-stream pressure is independent of model size or shape.
This assumption allows the setfing and determination of free-stream Mach number from
measurements of the tunnel stagnation and plenum pressures.

The plenum-stream calibration data and analytic approximation are shown in Fig.
12. In general, the approximation fits the data within the apparent repeatability band;
however, errors as large as AM = +£0.01 exist at the extreme wall angles.

For normal testing, it is recommended that the wall angle be fixed at 6, = 0.
This results in a Mach number error attributed to the analytic approximation of less than
#0.002 throughout the wall porosity range. Inclusion of the tunnel instrumentation errors
results in an overall Mach number setting error of less than +0.003.

SECTION V
CONCLUSIONS

Based on the results from this calibration of Tunnel 4T, the following conclusions
have been reached:

1.  The Mach number distribution nonuniformities are less than +0.005 from M =
0.10 to 1.05, £0.01 at M = 1.20, and 20.02 at M = 1.35.

2. Upstream cutoff plate motion provides a test section boundary far superior to
that with downstream motion with respect to uniformity of the centerline
Mach number distributions above M = 1.0.

3. Centerline Mach number uniformity and level is independent of tunnel
stagnation pressure level for a fixed ratio of plenum pressure to stagnation
pressure.

4. To ensure valid data, it is recommended that the tunnel dew point
temperature be maintained at least 5°F below that corresponding to the
visible water condensation point.
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